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type	trees,	quantitative	PCR	to	quantify	H. fraxineus	 infection	 load	and	ITS	and	
16S	 rRNA	 amplicon	 sequencing	 to	 identify	 fungal	 and	 bacterial	 communities,	
respectively.




intensity.	Under	higher	 infection	 loads,	 leaf	microbial	networks	were	character-
ized	by	stronger	associations	between	fewer	members	than	those	associated	with	
lower	 infection	 levels.	Together	 these	 results	 suggest	 that	H. fraxineus	 disrupts	
stable	endophyte	communities	after	a	particular	 infection	threshold	 is	 reached,	
and	may	enable	proliferation	of	opportunistic	microbes.	We	identified	three	mi-
crobial	genera	associated	with	an	absence	of	 infection,	potentially	 indicating	an	
antagonistic	relationship	with	H. fraxineus	 that	could	be	utilized	 in	the	develop-
ment	of	anti‐pathogen	treatments.
4.	 Host	genotype	did	not	directly	affect	 infection,	but	did	 significantly	affect	 leaf	
fungal	community	composition.	Thus,	host	genotype	could	have	the	potential	to	
indirectly	 affect	disease	 susceptibility	 through	genotype	×	microbiome	 interac-
tions,	and	should	be	considered	when	selectively	breeding	trees.
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1  | INTRODUC TION
Invasive	pathogens	are	an	increasing	threat	to	trees	and	forest	eco-
systems	 across	 the	 globe	 (Burdon,	 Thrall,	 &	 Ericson,	 2005).	 This	
rise	 can	 be	 largely	 attributed	 to	 human	 activity.	 For	 example,	 the	
international	trade	in	wood	products	and	live	plants	has	introduced	
pathogens	 to	 naive	 tree	 populations	 with	 no	 evolved	 resistance	
mechanisms,	whilst	climate	change	has	also	rendered	environments	
more	 conducive	 to	 tree	 infection	 and	 pathogen	 proliferation	 in	
















across	mainland	Europe	and	 the	UK	 (Coker	et	 al.,	 2019;	 Jepson	&	
Arakelyan,	2017;	McKinney	et	al.,	2014;	Mitchell	et	al.,	2014).	The	
disease	 is	 likely	 to	 have	 been	 introduced	 by	 trade	 and	 is	 largely	
spread	 by	wind	 and	water‐borne	 ascospores	 at	 a	 rate	 of	 approxi-
mately	20–30	km	per	year	(Gross,	Zaffarano,	Duo,	&	Grünig,	2012).	
Due	 to	 its	 severity	 and	 the	 lack	 of	 effective	 treatment	 or	 control	
methods,	the	import	of	ash	trees	is	currently	banned	in	the	UK.
A	 range	 of	 silvicultural	 and	 arboricultural	 management	 prac-
tices	 have	 been	 suggested	 for	 ash	 dieback	mitigation,	 such	 as	 in-
creasing	local	tree	species	diversity,	removing	infected	tissue	and/
or	 autumn	 leaf	 fall,	 reducing	 tree	 density	 and	 applying	 fungicides	
(Hrabětová,	 Černý,	 Zahradník,	 &	 Havrdová,	 2017;	 Skovsgaard	 et	
al.,	 2017).	 However,	 such	 methods	 may	 be	 expensive,	 labour‐in-
tensive	 and	damaging	 to	 the	 environment.	 Exploiting	 natural	 host	
resistance	 mechanisms	 offers	 a	 promising	 alternative,	 which	 may	
provide	 a	 more	 long‐term	 solution	 whilst	 avoiding	 some	 of	 these	
disadvantages.
Ash	 dieback	 resistance	 has	 a	 strong	 host	 genetic	 component;	















genetic	 diversity	 could	 leave	 populations	 vulnerable	 to	 extinction	
through	pathogen	evolution	as	well	as	other	emerging	threats	(e.g.	
emerald	 ash	 borer,	Agrilus planipennis)	 (Jacobs,	 2007).	 In	 addition,	
the	 proportion	 of	 trees	 tolerant	 to	 ash	 dieback	 are	 currently	 un-
known	but	are	likely	to	be	very	low,	perhaps	in	the	range	of	1%–5%	
(McKinney	et	al.,	2014;	McMullan	et	al.,	2018).	Furthermore,	mor-





and	 landscape	 level.	This	approach	will	allow	managers	to	 identify	
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of	 types	 from	 antagonistic	 to	 mutualistic,	 however,	 the	 over-
whelming	benefits	of	a	healthy	microbiome	are	now	clear,	includ-
ing	 protection	 from	 infectious	 diseases	 (Turner,	 James,	&	Poole,	
2013).	In	several	tree	species,	changes	in	microbiome	composition	
in	 response	 to	pathogenic	 infection	have	been	observed	 (Busby,	




























leaves	altered	as	H. fraxineus	 infection	 intensified	over	 time,	how-
ever	it	is	not	clear	if	this	was	driven	by	infection	dynamics	or	tempo-
ral	variation	across	the	season.	In	addition,	the	role	of	cross‐kingdom	
(e.g.	 bacterial	 and	 fungal)	 interactions	 in	 determining	 microbiome	
function	 is	 of	 growing	 interest	 (Menezes,	 Richardson,	 &	 Thrall,	






interactions	 may	 be	 important	 for	 limiting	 pathogen	 invasion,	 al-
though	 bacterial‐fungal	 associations	 are	 not	 well‐characterized	 in	
this	context	(but	see	Jakuschkin	et	al.,	2016).	There	are	also	complex	








Here,	 we	 integrate	 these	 genetic	 and	microbial	 factors	 within	
one	framework	by	using	microsatellite	characterization	of	host	gen-
otype,	 ITS	 rRNA	and	16S	 rRNA	sequencing	 to	 identify	 fungal	 and	
bacterial	 communities	 of	 leaves,	 qPCR	 to	 quantify	H. fraxineus in-
fection	and	phenotypic	 scoring	of	 tree	 infection	 levels	across	 two	
sites	(Manchester	and	Stirling,	UK)	to.	We	aimed	to:	(a)	identify	dif-
ferences	 in	 fungal	 and	 bacterial	 communities	 associated	with	 ash	





2  | MATERIAL S AND METHODS
2.1 | Tree scoring, leaf sampling and DNA extraction
We	conducted	sampling	and	transport	of	ash	material	under	Forestry	
Commission	 licence	 number	 FCPHS2/2016.	 We	 collected	 leaves	
from	 ash	 trees	 in	 semi‐natural	 stands	 during	 the	 summer	months	
from	 two	areas.	We	sampled	saplings	 from	Balquhidderock	Wood	
in	Stirling,	Scotland	 (25th	July	2016)	and	mature	 trees	 from	multi-
ple	sections	of	the	off‐road	National	Cycle	Route	6	in	Manchester,	
England	 (the	 Fallowfield	 Loop,	 River	 Irwell	 and	 Drinkwater	 Park;	
19th–25th	August	2017).	We	sampled	 later	 in	the	season	to	maxi-
mize	 the	potential	 for	 trees	 to	have	been	exposed	 to	H. fraxineus,	
and	 at	 both	 sites,	 widespread	 and	 epidemic	 levels	 of	 ash	 dieback	
were	evident.	We	 selected	and	 scored	 trees	displaying	 a	 range	of	
ash	dieback	infection	signs,	from	visibly	clear	of	infection	(infection	











2.2 | Hymenoscyphus fraxineus quantitative PCR
To	quantify	H. fraxineus	 infection,	we	 conducted	quantitative	PCR	
(qPCR)	on	leaves	according	to	a	modified	version	of	Ioos	et	al.	(Ioos,	
Kowalski,	Husson,	&	Holdenrieder,	2009)	and	Ioos	&	Fourrier	(Ioos	
&	 Fourrier,	 2011).	 Based	 on	 preliminary	 assessments	 of	 Ct	 values	
obtained	 during	 qPCRs	 (Cross	 et	 al.,	 2017),	 we	 diluted	 our	 DNA	
by	a	 factor	of	10.	We	conducted	10	μl	 reactions	using	0.4	μl each 
of	 10	 μM	 forward	 (5′‐ATTATATTGTTGCTTTAGCAGGTC‐3′)	 and	
reverse	 (5′‐TCCTCTAGCAGGCACAGTC‐3′)	 primers,	 0.25	 μl	 of	
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8 μM	 dual‐labelled	 probe	 (5′‐FAM‐CTCTGGGCGTCGGCCTCG‐
MGBNFQ‐3′),	5	μl	of	QuantiNova	PCR	probe	kit	(Qiagen),	1.95	μl	of	
molecular	grade	water	and	2	μl	of	template	DNA	(~2ng).	We	used	the	














To	 characterize	 tree	 genotype,	 we	 used	 10	 previously	 developed	
F. excelsior	 microsatellite	 markers	 (Brachet,	 Jubier,	 Richard,	 Jung‐
Muller,	 &	 Frascaria‐Lacoste,	 1998;	 Lefort,	 Brachet,	 Frascaria‐
Lacoste,	Edwards,	&	Douglas,	1999;	Harbourne,	Douglas,	Waldren	






forward	 primer	 and	 4	μM	each	 of	 the	 reverse	 primer	 and	 univer-
sal	primer.	PCR	cycling	conditions	varied	 in	annealing	temperature	




automated	 capillary	 electrophoresis,	 and	 the	 remaining	 loci	 were	
analysed	separately	(Table	S1).	Capillary	electrophoresis	was	carried	
out	 at	 the	 University	 of	Manchester	 Genomic	 Technologies	 Core	
Facility	 using	 a	 3,730	 DNA	 Sequencer	 (Thermo	 Fisher	 Scientific)	
with	GeneScan	500	LIZ	(Thermo	Fisher	Scientific).
We	 scored	 and	 binned	 alleles	 using	 GeneMapper	 v3.7	
(ThermoFisher	Scientific)	and	MsatAllele	v1.05	(Alberto,	2009).	One	





individual‐level	 heterozygosity	 analyses	 to	 reduce	 bias	 associated	
with	false	homozygotes.	We	also	removed	locus	CPFRAX5	from	the	
Manchester	data	file	as	this	was	monomorphic.	This	made	datasets	
of	 five	 loci	and	eight	 loci	 for	Manchester	and	Stirling	respectively.	
Five	measures	of	individual‐level	heterozygosity	(proportion	of	het-
erozygous	 loci,	observed	heterozygosity,	expected	heterozygosity,	
internal	 relatedness	 and	 homozygosity	 by	 locus)	 were	 calculated	
using	 the	 genhet	 function	 (Coulon,	 2010)	 in	 RStudio	 (v1.2.1335)	
(RStudio	Team,	2016)	for	R	(v3.4.1)	(R	Core	Team,	2017).
Pairwise	 Euclidean	 genetic	 distances	 between	 trees	 were	
























PCR	plate	 and	 cleaned	 products	 using	HighPrep™	PCR	 clean	 up	
beads	(MagBio)	according	to	the	manufacturer’s	instructions.	We	
quality	 checked	 the	 PCR	 products	 using	 an	 Agilent	 TapeStation	
2200.	 To	 quantify	 the	 number	 of	 sequencing	 reads	 per	 sample,	
we	constructed	a	 library	pool	using	1	μl	of	each	sample.	We	ran	
















a	 final	 extension	at	72°C	 for	10	min.	To	quantify	 individual	 librar-
ies,	we	again	pooled	1	μl	of	each	 library	and	sequenced	this	using	






2.5 | Pre‐processing of amplicon sequencing data
We	trimmed	remaining	adapters	and	primers	for	ITS	rRNA	sequenc-
ing	data	using	cutadapt	 (Martin,	2011).	This	step	was	not	required	







reads	were	merged.	We	did	not	 conduct	 additional	 trimming	based	














in	 the	 negative	 controls.	We	 assigned	 taxonomy	 using	 the	 SILVA	
v128	database	(Quast	et	al.,	2013;	Yilmaz	et	al.,	2014).	We	stripped	










plots	 visualizing	 the	 variation	 in	 relative	 abundance	 of	 the	 top	 10	
most	abundant	 classes	according	 to	 site	and	H. fraxineus	 infection	
category	as	described	above	(i.e.	‘absent’,	 ‘low’,	‘medium’,	or	‘high’).	
We	 conducted	 a	permutational	ANOVA	 (PERMANOVA;	 adonis)	 in	
the	vegan	package	(Oksanen	et	al.,	2018)	to	determine	the	variation	
in	 fungal	 and	 bacterial	 community	 composition	 according	 to	 site	
and H. fraxineus	infection	category,	and	produced	PCoA	plots	using	
Bray‐Curtis	dissimilarity	matrices	in	phyloseq.	We	calculated	alpha‐






ordinating	 relative	 abundance	 data	 for	 each	 sample,	 as	 described	
previously.	To	determine	the	relationship	between	these	microbial	
community	measures	 and	H. fraxineus	 infection	 intensity	 and	 tree	












infected;	 see	 Results),	we	 subsetted	 the	Manchester	 samples	 for	
further	analyses	that	aimed	to	identify	microbial	genera	associated	





of	H. fraxineus in leaves.	Finally,	we	conducted	a	DESeq2	analysis	
(Love,	Huber,	&	Anders,	 2014)	 to	 identify	 ESVs	with	 significantly	
different	abundances	according	to	infection	status	of	the	leaves.







2.8 | Relationships between fungal and bacterial 
communities






To	 identify	 co‐occurrence	 networks	 between	 taxa	 according	
to	H. fraxineus	 infection	 category	 in	 the	Manchester	 samples,	 we	







(Ding,	 Gentleman,	 &	 Carey,	 2018;	Williams,	 Howe,	 &	 Hofmockel,	
2014).	We	 calculated	 the	number	 of	 associations	with	p	 <	 .05	 for	




2.9 | Relationships between tree genotype and 
phyllosphere composition, and tree genotype and H. 
fraxineus infection
For	 the	 Stirling	 samples,	 we	 used	 the	 merge_samples	 function	 in	













factor)	 to	 determine	whether	multiple	measures	 of	 genetic	 diver-
sity	(proportion	of	heterozygous	loci,	observed	heterozygosity,	ex-
pected	 heterozygosity,	 internal	 relatedness	 and	 homozygosity	 by	






showed	no	visible	signs	of	 infection	 (i.e.	 tree	 infection	score	of	0),	
whereas	in	Manchester,	20	out	of	the	33	(60.6%)	trees	sampled	were	
infected.
3.2 | Phyllosphere composition by site and H. 
fraxineus infection
The	 most	 abundant	 fungal	 classes	 across	 all	 samples	 were	
Tremellomycetes,	Dothideomycetes,	Leotiomycetes,	Eurotiomycetes,	
Taphrinomycetes	 and	 Cystobasidiomycetes	 (Figure	 1a).	 The	 most	
abundant	 bacterial	 classes	were	Alphaproteobacteria,	 Cytophagia,	
Betaproteobacteria,	 Actinobacteria,	 Deltaproteobacteria,	
Sphingobacteriia	and	Deinococci	(Figure	1b).	PERMANOVA	(adonis)	































tion	 and	 bacterial	 community	 beta‐diversity	 (PCoA	 axis	 1	 score;	
X2	=	5.4606,	p	=	.019;	Figure	3d).	However,	tree	infection	score	was	
not	 significantly	 predicted	 by	 any	microbial	 diversity	 measure	 (all	
p	>	.05).
We	 identified	 26	 fungal	 genera	 (out	 of	 390)	 and	 six	 bacterial	
genera	 (out	 of	 255)	 with	 significant	 positive	 correlations	with	 log	
H. fraxineus	 infection	intensity	(all	p	<	.05;	Figure	4).	We	also	iden-
tified	 217	 fungal	 genera	 and	 four	 bacterial	 genera	 with	 a	 signifi-
cant	 negative	 correlation	 with	 log	 H. fraxineus	 infection	 intensity	
(all	p	 <	 .05;	Figure	4).	 Indicator	analysis	only	 identified	one	 fungal	
genus	(Neofabraea,	IndVal	=	0.378,	p	=	.025)	and	one	bacterial	genus	
(Pedobacter,	 IndVal	=	0.643,	p	=	 .005)	that	were	significantly	asso-
ciated	with	 the	absence	of	H. fraxineus	 infection	 (i.e.	 these	genera	
were	 much	 more	 commonly	 found	 in	 the	 absence	 of	 infection).	
Association	 analysis	 identified	 two	 fungal	 genera	 significantly	 as-
sociated	 with	 the	 presence	 of	 H. fraxineus	 infection	 (Hannaella,	





Genolevuria sp.	was	 significantly	more	abundant	 in	 infected	 leaves	
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dance	 according	 to	H. fraxineus	 infection.	 That	 is,	 genus	 is	 not	 an	
accurate	indicator	of	anti‐pathogen	capabilities	(Figures	S2	and	S3).
The	 genus	 Hymenoscyphus	 had	 a	 significant	 positive	 cor-
relation	with	H. fraxineus	 infection	 intensity	 (r	=	0.375,	p	<	 .001;	
Figure	4).	Although	six	species	of	Hymenoscyphus	were	identified	

















3.3 | Functional analysis of fungal communities
We	 obtained	 functional	 hypotheses	 for	 65%	 of	 ITS	 rRNA	 ESVs.	
Functional	analysis	of	fungal	communities	indicated	that	the	rela-
tive	abundance	of	pathotrophs	(fungi	causing	disease	and	receiv-










although	 the	 negative	 relationship	 between	 log	H. fraxineus	 (+1)	
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the	fifth	most	abundant	fungus	across	all	samples	(Vishniacozyma 
foliicola, V. victoriae	 and	 two	 species	 of	 Venturiales	 were	 more	
abundant;	 Table	 S2).	 The	 second	 most	 abundant	 pathogen	 was	
the	 yeast	 Itersonilia pannonica	 (formerly	 Udeniomyces pannoni-
cus;	Niwata,	Takashima,	Tornai‐Lehoczki,	Deak,	&	Nakase,	2002), 
which	in	contrast	to	P. fraxini,	had	lower	abundance	in	leaves	with	
absent	 (0.2%)	and	 low	 (1.2%)	H. fraxineus	 infection	 than	 in	 those	
with	medium	 (6.5%)	 and	 high	 (8.1%)	 infection	 levels.	 Correlation	
analysis	indicated	a	significant	positive	relationship	between	log	H. 
fraxineus	(+1)	and	log	I. pannonica	(+1)	(r	=	.49,	p	<	.001).	In	addition,	
the	 relative	abundance	of	 symbiotrophs	 (which	 receive	nutrients	
through	exchange	with	host	cells),	primarily	lichens,	also	increased	
on	infection	by	H. fraxineus	(Figure	5;	Figure	S4).
3.4 | Relationships between fungal and bacterial 
communities
Mantel	 tests	 identified	 significant	 correlations	between	 fungal	 and	
bacterial	communities	of	leaves	across	both	sites	(r	=	.552,	p = .001; 
Figure	 6a).	 Co‐occurrence	 analysis	 indicated	 that	 leaves	 highly	 in-
fected	with	H. fraxineus	 had	 fewer	 statistically	 significant	 (p	 <	 .05)	
cross‐kingdom	microbial	connections	than	the	other	infection	catego-
ries	(Table	1).	The	majority	of	microbial	associations	in	the	uninfected	
categories	were	 of	medium	 strength	 (−0.50	 >	 rho	 and	 rho	 >	 0.50)	
rather	 than	 strong	 (−0.75	>	 rho	 and	 rho	>	0.75),	 and	were	 charac-
terized	by	 sprawling,	 less	well‐connected	hubs	with	a	 considerable	
number	 of	members	 (Table	 1;	 Figure	 7).	 The	 proportion	 of	 strong	





3.5 | Effects of host genotype on phyllosphere 
composition and H. fraxineus infection






distance	 and	 fungal	 community	 composition	 (r	 =	 .106,	 p = .005; 
Figure	6b),	but	no	significant	relationship	between	genetic	distance	
and	 bacterial	 community	 composition	 (r	 =	 .013,	 p	 =	 .365).	Within	
sites,	 the	 correlation	 between	 tree	 genetic	 distance	 and	 fungal	
community	composition	was	statistically	significant	for	Manchester	
(r	=	.155,	p	=	.002)	but	not	Stirling	(r	=	.042,	p	=	.372).	Genetic	dis-
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4  | DISCUSSION
Our	 results	 show	 that	 both	 fungal	 and	 bacterial	 community	 com-
position,	 as	 well	 a	 considerable	 number	 of	 microbial	 genera,	 are	




from	 seasonal	 effects	 or	 infection	 intensity.	We	 extend	 this	work	
to	show	that	at	a	given	 time	point,	differences	 in	both	 fungal	and	
bacterial	phyllosphere	communities	relate	to	H. fraxineus	 infection,	
even	in	the	absence	of	phenotypic	signs	of	infection.	These	effects	
were	 apparent	 in	 our	mixed	model	 analysis,	 but	 not	 significant	 in	
the	PERMANOVA	analysis;	 this	may	be	due	 to	a	 loss	of	 statistical	
power	from	the	use	of	infection	categories	(i.e.,	‘absent’,	‘low’,	‘me-
dium’	or	‘high’)	in	the	PERMANOVA	rather	than	the	continuous	log	
H. fraxineus	data	used	 in	the	 linear	mixed	model	analysis.	Changes	
in	microbiome	composition	that	correlate	with	pathogenic	infection	
have	 also	 been	 identified	 in	 other	 tree	 species.	 For	 example,	 the	
bacterial	microbiome	of	horse	chestnut	bark	was	altered	by	bleed-
ing	 canker	disease	 caused	by	 the	bacterium	Pseudomonas syringae 
pv	aesculi	 (Koskella	et	 al.,	2017).	Similarly,	 Jakuschkin	et	 al.	 (2016)	
found	evidence	of	cross‐kingdom	endophytic	dysbiosis	in	peduncu-
late	oak	 (Quercus robur	 L.)	on	 infection	by	Erysiphe alphitoides,	 the	
causal	agent	of	oak	powdery	mildew.
Fungal	 alpha‐diversity	 was	 positively	 correlated	 with	 H. 
fraxineus	 infection	 intensity,	 although	 bacterial	 alpha‐diversity	
was	 not.	 Although	 it	 may	 be	 expected	 that	 higher	 microbiome	







suggest	 that	 low	 diversity	may	 reflect	 a	 stable	 and	 resilient	mi-
crobiome	that	resists	infection,	or	that	H. fraxineus	infection	is	as-
sociated	with	dysbiosis	 that	allows	 for	 the	proliferation	of	many	
new	members	in	the	microbiome.	Indeed,	co‐occurrence	analysis	
showed	that	medium‐strength,	minimally	connected	networks	 in	
leaves	 with	 absent	 or	 low	 H. fraxineus	 infection	 become	 a	 few,	
high‐strength,	 highly	 connected	 hubs	 under	medium	 or	 high	 in-
fection.	 The	 co‐occurrence	 analysis	 indicates	 that	 although	 H. 
fraxineus	 infection	 is	 associated	with	 strong	microbial	 networks,	
these	are	relatively	depauperate	 in	members	and	so	the	stability	
of	phyllosphere	 communities	 in	 infected	 leaves	may	be	 compro-
mised.	Conversely,	leaves	with	absent	or	low	infection	rates	have	
more	 complex	 co‐occurrence	 hubs	 with	 more	 medium‐strength	
F I G U R E  4  Heatmap	of	fungal	(black	text)	and	bacterial	(red	
text)	genera	significantly	associated	with	Hymenoscyphus fraxineus 
infection	intensity	in	ash	tree	leaves
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connections	 involving	more	members.	 Together	 with	 the	 higher	







high	 infection	 intensities	 can	 appear	 asymptotic	 but	 exhibit	 evi-
dence	of	phyllosphere	dysbiosis,	although	it	 is	not	clear	whether	








microbes	 become	 stronger	when	 the	 host	 is	 stressed,	with	 pos-
itive	 effects	 for	 the	 host	 (Mendes	 et	 al.,	 2011;	 Pineda,	 Dicke,	
Pieterse,	&	Pozo,	2013).	For	example,	plants	can	exploit	beneficial	




considerable	covariation	between	bacterial	 and	 fungal	 communi-
ties	and	extensive	cross‐kingdom	associations	in	the	leaves	of	ash	







between	 these	 two	 kingdoms	may	 be	 expected,	 and	 the	 impor-
tance	of	these	in	the	context	of	disease	resistance	warrants	con-
siderable	attention.
The	 functional	 analysis	 identified	 an	 overall	 increase	 in	 fungal	
pathogens	as	H. fraxineus	infection	increased.	Disruption	to	the	nat-
ural	endosymbiont	community	by	H. fraxineus	 infection	may	break	
up	 previously	 filled	 niches,	 thus	 allowing	 co‐	 or	 secondary	 infec-
tions.	Alternatively,	prior	infection	by	other	pathogens	may	allow	H. 
fraxineus	to	proliferate.	In	particular,	we	found	convincing	evidence	
of	 co‐infection	 by	 Itersonilia pannonica,	 a	 likely	 yeast	 pathogen	
(Nguyen	et	 al.,	 2016).	Other	 secondary	 infections	have	previously	
been	documented	in	ash	dieback	outbreaks,	including	Alternaria al-
ternata, Armillaria spp., Cytospora pruinosa, Diaporthe eres, Diplodia 
mutila, Fusarium avenaceum, Fusarium lateritium, Fusarium solani, 
Phoma exigua, Phytophthora spp.	and	Valsa ambiens	(Kowalski,	Kraj,	&	
Bednarz,	2016;	Marçais,	Husson,	Godart,	&	Caël,	2016;	Orlikowski	
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et	 al.,	 2011).	 Co‐infection	 can	 have	 considerable	 implications	 for	
host	 fitness	 and	 the	 evolution	 of	 pathogens	 (Tollenaere,	 Susi,	 &	





















Number of associations 
(−0.50 > rho and rho > 0.50)
Number of associations 
(−0.75 > rho and rho > 0.75)
Number of associ‐
ations (rho > 0.75)
Number of hubs 
(rho > 0.75)
Absent 604 604	(100%) 136	(23%) 107	(18%) 12	(10	small,	2	large)
Low 892 892	(100%) 254	(28%) 212	(24%) 13	(11	small,	2	large)
Medium 505 505	(100%) 505	(100%) 347	(69%) 7	(5	small,	2	large)
High 261 261	(100%) 261	(100%) 261	(100%) 3	(1	small,	2	large)







tween	H. fraxineus	 and	other	microbes,	we	saw	a	 reduction	 in	 the	
pathogen	Phyllactinia fraxini as H. fraxineus	increased,	suggesting	the	
latter	may	 displace	 the	 former.	Phyllactinia fraxini	 is	 an	 ecto‐para-








Based	 on	 a	 combination	 of	 analyses,	we	 identified	Neofabraea 
fungi	and	Pedobacter	bacteria	as	potential	antagonists	of	H. fraxineus 
infection,	which	may	have	potential	for	development	of	anti‐patho-


























has	 previously	 been	 found	 to	 influence	 ash	 dieback	 susceptibility	
(Harper	 et	 al.,	 2016;	 Sollars	 et	 al.,	 2017).	 However,	 these	 studies	
used	genomic	and	 transcriptomic	approaches	 that	give	 finer	 reso-
lution	 than	 microsatellite	 markers	 allow.	 Furthermore,	 microsat-
ellites	cover	non‐coding	 regions	of	DNA	and	so	may	be	 less	 likely	
to	 directly	 affect	 pathogen	 susceptibility,	 although	 they	 are	 often	
physically	 linked	to	genes	that	code	for	 functional	 traits	 (Santucci,	
Ibrahim,	 Bruzzone,	 &	Hewit,	 2007;	 Gemayel,	 Vinces,	 Legendre,	 &	
Verstrepen,	2010;	Tollenaere	et	al.,	2012).	Host	genetic	distance	did,	
however,	predict	variation	 in	 fungal	 community	composition	 (both	
across	 sites	 and	within	Manchester,	 but	 not	within	 Stirling	 alone).	
Thus,	microsatellites	used	in	this	study	may	be	linked	to	functional	
traits	 that	 influence	 phyllosphere	 fungal	 communities.	 As	 such,	
host	 genetic	 influence	 on	 phyllosphere	 fungal	 communities	 could	




influence	microbial	 community	 diversity	 on	 the	 leaf.	 Furthermore,	
higher	 iridoid	 glycoside	 concentrations	 were	 identified	 from	 bio-
chemical	 profiles	 of	 leaves	 from	 susceptible	 ash	 trees,	which	may	
alter	 fungal	 growth	 (Sollars	 et	 al.,	 2017;	 Whitehead,	 Tiramani,	 &	
Bowers,	2016).	 Identifying	genes	 associated	microbiome	composi-





position	 for	 both	 fungal	 and	 bacterial	 communities	 of	 ash	 leaves.	
Considerable	 variation	 in	 phyllosphere	 composition	 still	 existed	
between	the	sites	despite	the	Stirling	and	Manchester	trees	being	
genetically	 similar,	 indicating	 that	 site‐level	 variation	was	 not	 due	
to	 population	 differentiation.	 Both	 fine‐	 and	 broad‐scale	 geo-
graphic	 variation	 affects	 microbiome	 composition	 in	 many	 study	
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organisms	 (Antwis,	 Lea,	 Unwin,	 &	 Shultz,	 2018;	 Griffiths	 et	 al.,	
2018;	 Yatsunenko	 et	 al.,	 2012)	 including	 plants	 (Edwards	 et	 al.,	
2015;	Peiffer	et	al.,	2013;	Wagner	et	al.,	2016).	The	site‐level	dif-
ferences	observed	in	this	study	may	reflect	a	range	of	differences	








sampled	mature	 trees.	 Tree	 and	 leaf	 age	 both	 significantly	 affect	
phyllosphere	microbiome	structure,	possibly	due	to	microbial	com-
munity	 succession	 patterns,	 as	 well	 as	 niche	 variation	 associated	
with	age‐related	physiological	changes	 in	 leaves	(Redford	&	Fierer	
2009;	Meaden,	Metcalf,	&	Koskella,	2016).	Thus,	site‐level	patterns	
in	 our	 data	may	 reflect	 these	 considerable	 drivers	 of	microbiome	
composition.	 Alternatively,	 there	 may	 well	 have	 been	 different	




otype	 ×	microbiome	 interactions	 between	 sites.	 This	may	 be	 due	
to	environmental	differences,	and	thus	could	indicate	the	presence	
of	 genotype	 by	microbiome	 by	 environment	 (G	 ×	M	×	 E)	 interac-
tions	(Smith	et	al.,	2015).	G	×	M	×	E	interactions	may	be	particularly	
important	for	disease	susceptibility	and	mitigation	as	environment	
plays	 a	 considerable	 role	 in	 pathogenicity.	 Thus,	 microbially	 de-
rived	resistance	to	H. fraxineus,	 in	addition	to	the	effectiveness	of	




determine	 how	 environmental	 factors	 and	 pathogen	 strain	 varia-



















position	of	both	 is	associated	with	H. fraxineus	 infection	dynamics.	




associations	 between	 fewer	 members	 and	 with	 fewer	 hubs.	 This	
suggests	that	after	a	particular	 infection	pressure	 is	reached,	phyl-
losphere	 communities	 become	 disrupted.	 Although	 host	 genotype	
did	not	affect	H. fraxineus	infection	directly,	it	did	have	a	significant	
effect	on	fungal	community	composition	and	thus,	may	have	indirect	
consequences	 for	 pathogen	 susceptibility.	 Identifying	 host	 genes	
that	 determine	microbiome	 composition	 in	 ash	 trees	may	 improve	
selection	of	 trees	with	more	 resistant	microbiomes,	which	 in	com-
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